Solution-processed amorphous niobium oxide as a novel electron collection layer for inverted polymer solar cells by Hamada  Keisuke et al.
Solution-processed amorphous niobium oxide as
a novel electron collection layer for inverted
polymer solar cells
著者 Hamada  Keisuke, Murakami  Naoya, Tsubota 
Toshiki, Ohno  Teruhisa
journal or
publication title
Chemical Physics Letters
volume 586
page range 81-84
year 2013-09-13
URL http://hdl.handle.net/10228/00006883
doi: info:doi/10.1016/j.cplett.2013.08.015
x 
2 3 
*The Manuscript
Click here to view linked References
Solution-processed amorphous niobium oxide as a novel electron collection 
layer for inverted polymer solar cells 
Keisuke Hamadaa, Naoya Murakamia, Toshiki Tsubotaa, Teruhisa Ohnoa* 
aDepartment of Applied Chemistry, Faculty of Engineering, Kyushu Institute of Technology, 1-1 Sensuicho, Tobata, 
Kitakyushu 804-8550, Japan 
* Corresponding author. FAX: +81-93-884-3318
E-mail address: tohno@che.kyutech.ac.jp (T. Ohno)
Abstract 
Amorphous niobium oxide (NbO ) as an electron collection layer in inverted 
polymer solar cells was  prepared by a solution process. The power conversion efficiency 
of inverted polymer solar cells based on a blend of poly(3-hexylthiophene) and [6,6]-phenyl 
C61 butyric acid methyl ester was improved to 2.22% by inserting an NbOx layer between 
the active  layer  and  indium tin oxide electrode. An energy level diagram of component 
materials in the inverted polymer solar cell indicated that the NbOx layer works as both an 
electron collection layer and hole blocking layer in polymer solar cells. 
1. Introduction
Polymer solar cells (PSCs) have many advantages such as low cost production, 
light weight, and flexibility [1,2]. In recent years, PSCs have attracted much attention as 
next-generation photovoltaic cells because power conversion efficiency (PCE) of more than 
6-8% has been achieved by using a novel polymer and fullerene derivative [3-6]. Indium
tin oxide (ITO) modified with poly(3,4-ethylenedioxythiophene):poly(styrene-sulfonate)
(PEDOT:PSS) and Al have generally been used as an anode and a cathode, respectively for
conventional PSCs. However, durability of the conventional cell is poor in an ambient 
atmosphere because Al is immediately oxidized to Al O and ITO is etched by the strong 
acidic  nature  of  PEDOT:PSS  [7,8]. Recently, fabrication of PSCs with an inverted 
structure using an ITO-modified n-type metal oxide semiconductor, such as, zinc oxide 
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(ZnO) [9,10], titanium oxide (TiO2) [11] or amorphous titanium oxide (TiOx) [12,13], as a 
cathode and Au or Ag as an anode has  been reported. These n-type metal oxide materials 
work as an electron collection and hole blocking layer because the conduction band 
minimum level (UCBM) of these materials is located between the work function (UWF) of the 
ITO electrode and the lowest unoccupied molecular orbital (LUMO) energy level of 
[6,6]-phenyl C butyric acid methyl ester (PCBM) and the valence band maximum level 
(UVBM) of these materials is deeper than the highest occupied molecular orbital (HOMO) 
energy  level  of  poly(3-hexylthiophene)  (P3HT). A recent study has shown that the 
stability of inverted PSCs with a TiOx layer was better than that of inverted PSCs with a 
TiO2 layer under continuous light irradiation because of the inferior photocatalytic effect of 
a TiOx to that of TiO2 [14]. Therefore, an amorphous metal oxide layer possibly improves 
the stability for inverted PSCs under continuous light irradiation. For practical use of PSCs, 
tolerance for heat is required in addition to that for humidity and light soaking. Thus, 
thermal stability of an amorphous metal oxide semiconductor is essential for stability of the 
inverted PSCs because amorphous material is crystalized under a high temperature 
condition. We noted thermal stability of amorphous niobium oxide (NbOx) from the 
results of thermogravimetric/differential thermal analysis (TG-DTA) and X-ray diffraction 
(XRD) (Fig. S1 and Fig. S2). Moreover, crystallized niobium oxide has been reported to 
work as an electron acceptor and collection layer in a hybrid solar cell [15]. In the present 
study, NbOx was used as a novel electron collection layer in inverted PSCs (Fig. 1). 
2. Experimental
2. 1 Preparation of the NbOx layer
The NbOx layer was prepared by spin coating a precursor solution. Niobium 
pentaethoxide (NPE) was used as NbOx precursor. NPE was diluted in ethanol solution to 
adjust to a 0.1  M solution. The precursor solution was spin-coated on ITO substrates at 
1500 rpm after cleaning the ITO substrates by sonication in acetone and ethanol for 1 h 
each. Then the substrates were immediately annealed at 150 oC for 1 h. 
2. 2 Fabrication of inverted PSCs
2 
x 
x 
A mixture of P3HT:PCBM  (20 mg ml-1, weight  ratio  of 1:0.8)  in  chlorobenzene 
was spin-coated on an NbOx layer at 700 rpm followed by drying at 100 oC for  10 min. A 
PEDOT:PSS solution was spin-coated on a P3HT:PCBM layer at 2000 rpm followed by 
drying at 100 oC for  10 min. An Au electrode was evaporated on the PEDOT:PSS layer. 
Finally, the devices were annealed at 150 oC for 10 min. 
2. 3 Measurements
The current-voltage (J-V) characteristics were measured by using a Keithley 2400 
source meter unit under AM 1.5G light irradiation (100 mW cm-2) in air, and the active area 
of the device irradiated by the light was defined as 6.25 mm2 by using a metal photomask. 
The surface image of NbOx layer was observed by atomic force microscope (AFM, SII, 
SPM 3800N). The XRD pattern of NbOx layer was measured by X-ray diffractometer 
(JEOL, JDX3500). The Mott-Schottky plot and absorption spectrum of NbO layer were 
measured by electrochemical analyzer (ALS, 600D) and UV-Vis spectrophotometer 
(Shimadzu, UV-2500PC). 
3. Results and discussion
3. 1 Characterization of NbOx layer
Fig. 2(a) shows an AFM image of the NbOx layer. The root mean square (RMS) 
roughness of NbO on the ITO substrate was 1.89 nm, whereas the RMS value of the ITO 
substrate was 3.05 nm. It can be seen that the surface of the ITO substrate was covered by 
the NbOx layer and that  the surface of the  NbOx  layer was smooth. The XRD pattern of 
NbOx  on  the  ITO  substrate  showed  diffraction  peaks  derived  from  ITO,  and  no other 
diffraction peaks, such as crystalline niobium oxide, were observed. This result indicates 
that the NbOx layer was amorphous phase. 
3. 2 Device performance of inverted PSCs with NbOx layer
Fig. 3 shows J-V characteristics of inverted PSCs without and with an NbOx layer. 
Table 1 summarizes the photovoltaic performance of inverted OPCs. The inverted PSC 
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the other hand, the inverted PSC with an NbOx layer showed Jsc of 7.00 mA cm 
 
 
-2, Voc of 
0.60 V,  FF of 0.53, and PCE of 2.22%. This result may be partially dued to a decrease in 
series resistance (Rs) from 20.2 Ω cm-2 to 17.4 Ω cm-2 and an increase in shunt resistance 
sh ) from 237.9 Ω cm
-2 to 999.5 Ω cm-2. It is known that the values of Rs and Rsh depend 
on contact resistance and charge recombination at the interface [16]. Contact resistance is 
reduced by efficient flow of electrons from the active layer to the ITO electrode, which 
causes a decrease in Rs. Actually, it has been reported that Rs was decreased by inserting 
ZnO as an electron collection layer in inverted PSCs because of improvements in electron 
collection and transportation [17]. In the present study, decrease in Rs indicated that NbOx 
effectively collects electrons generated from the active layer as in the case with TiOx if 
NbOx  has  an  appropriate  UCBM  for   collecting  electrons. On the other hand, charge 
recombination at the interface is induced by leakage current flowing between the active 
layer and ITO  electrode, which causes a decrease  in Rsh. The leakage current pathway is 
created by direct contact  between  the active layer  and electrode. Therefore, the cathode 
and anode have frequently been modified with a hole and electron blocking layer in order to 
prevent leakage current. As shown in Fig. 2, the surface of the ITO electrode was covered 
by  NbOx. Thus, an increase in Rsh indicates that coverage of ITO by NbOx layer 
suppresses leakage current pathway if NbOx has an appropriate UVBM for hole blocking. A 
stability test was carried out in an ambient atmosphere under continuous light irradiation 
(AM 1.5G,  100 mW cm-2). PCE of inverted PSCs with an NbOx layer was maintained a 
95% compared to the maximum PCE after 20 h. This stability was comparable to that of 
inverted PSCs with a TiOx layer (99%). 
3. 3 Investigation of the band structure of NbOx layer
In order to confirm this possibility of carrier flow,  the band  structure of  the NbOx 
layer   was   determined   from   a   Mott-Schottky   plot   and   absorption   spectrum. A 
Mott-Schottky plot  is  a  powerful  tool  for estimating the  flat  band  potential  (UFB)  of  a 
semiconductor   photocatalyst   [18,19],   and   UFB   corresponds   to   UCBM   in   an  n-type 
semiconductor [20]. The Mott-Schottky plot was measured by an electrochemical cell 
consisting of 1 mL of 0.5 M K2SO4, an ITO substrate covered by an NbOx layer, platinum 
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without an NbOx layer showed short-circuit current density (Jsc) of 6.69 mA cm-2, open 
circult voltage (Voc) of 0.46 V, fill factor (FF) of 0.40, and PCE of 1.23% (Table 1). On 
wire and Ag/AgCl electrode as electrolyte solution and working, counter and reference 
electrodes, respectively. Fig. 4(a) shows the  Mott-Schottky  plot  of  NbOx. UFB was 
calculated by the following equation (1) [18,20]. 
Csc, e, Nd, εr, k, and T represent capacitance of the space charge layer in the semiconductor, 
elementary charge, density of the carrier, dielectric constant, Boltzmann constant, and 
temperature, respectively. The UFB of NbOx is approximately -1.1 V vs. Ag/AgCl (-0.9 V 
vs. NHE) at pH = 7.8 and -0.7 V vs. Ag/AgCl (-0.5 V vs. NHE) at pH = 0. The absolute 
electron potential of NbOx (UFB (ABS)) is calculated from the normal hydrogen electrode 
(UFB(NHE)) by the following equation (2). 
Thus, UFB (ABS) of NbOx was calculated to be  -4.0 eV. The bandgap energy (Eg) of NbOx 
was  estimated  by  UV-Vis  absorption  spectra,  as  shown  in Fig. 4(b). The NbOx layer 
showed high transparency in the visible-light region, where P3HT shows large 
photoabsorption, and Eg of NbOx was estimated to be 3.7 eV. Fig. 5 shows an energy level 
diagram of component materials in the inverted PSC with an NbOx layer. UWF of the ITO, 
PEDOT:PSS and Au, and LUMO and HOMO of P3HT, and PCBM in Fig. 5 are reference 
literature values [14,21]. The UCB of NbOx was located between UWF of ITO electrode 
and the LUMO level of PCBM, and UVB of NbOx was deeper than the HOMO level of 
P3HT. These results indicate that the NbOx layer works as both an electron collection 
layer and hole  blocking layer. Thus, this is a reason why Rs and Rsh of an inverted PSC 
with an NbOx film was improved. Furthermore, efficient carrier flow controlled by the 
NbOx layer presumably contributed to an increase in Voc as a result of a decrease in 
recombination rate. 
4. Conclusions
The PCE of inverted PSCs was improved by inserting a solution-processed NbOx 
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layer. J-V characteristics and an energy level diagram revealed that the NbOx layer 
effectively collects electrons generated from the active layer and suppresses leakage current 
flowing between the active layer and ITO electrode. An inverted PSC with an NbOx layer 
was  stable  in  an  ambient  atmosphere  under  continuous light irradiation. Thus, NbOx 
worked as a rectification layer (electron collection and hole blocking layer) as well as 
protection layer of ITO corrosion in inverted PSCs, greatly contributing to improvement of 
the performance. 
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Table 1 Photovoltaic performance of inverted PSCs without an NbOx layer and with an 
NbOx layer. 
Jsc / mA 
cm-2
Voc / V FF 
Rs / Ω 
cm-2
Rsh / 
Ω cm-2 
PCE / % 
Best Average 
without NbOx layer 6.69 0.46 0.40 20.2 237.9 1.23 1.06 ± 0.10 
with NbOx layer 7.00 0.60 0.53 17.4 999.5 2.22 2.13 ± 0.05 
Fig. 1. Schematic view of an inverted PSC with NbOx as an electron collection layer. 
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Fig. 2. AFM images of (a) an ITO substrate and (b) NbOx on an ITO substrate. 
Fig. 3. J-V characteristics of inverted PSCs without an NbOx layer (open circles) and with 
an NbO layer (closed circles). 
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Fig. 4. (a) Mott-Schottky plot of NbOx on ITO. (b) UV-Vis absorption spectra of NbOx 
(solid line) and P3HT on quartz (dotted line). 
Fig. 5. Energy level diagram of component materials in an inverted PSC. 
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